Background. Sleep loss produces abnormal increases in reward seeking but the mechanisms underlying this phenomenon are poorly understood. The present study examined the influence of one night of sleep deprivation on neural responses to a monetary reward task in a sample of late adolescents/young adults.
Introduction
Worldwide, more than one-fifth of young adults report sleeping less than 7 h per night (Steptoe et al. 2006 ). Short sleep is linked to a range of negative physical and psychological consequences in humans, including obesity, hypertension, anxiety/depression and suicidality (Grandner et al. 2010) . Sleep loss also seems to increase unhealthy pursuit of rewards. For example, following acute sleep deprivation, individuals make riskier decisions to optimize gains on gambling tasks (McKenna et al. 2007) , and show an increased preference for more rewarding, fatty, high-carbohydrate foods (Nedeltcheva et al. 2009 ). Moreover, sleep disturbance predicts subsequent relapse in alcoholics (Brower et al. 1998) , and in a subset of patients with bipolar disorder, a single night of experimental sleep deprivation induces mania (Colombo et al. 1999) , a condition often characterized by impulsive pursuit of rewards. In parallel, rodent studies indicate that sleep deprivation produces increased self-administration of cocaine (Puhl et al. 2009 ) and ethanol (Aalto & Kiianmaa, 1986) .
The neural mechanisms linking sleep loss and increased reward pursuit are not clearly established. The existing literature, however, provides insights into why sleep loss may create a neural basis for impulsive, emotionally driven behavior. Prefrontal cortical networks, which are integral to decision making and emotion regulation, are some of the most susceptible to sleep loss (Goel et al. 2009 ). Functional neuroimaging studies have documented diminished prefrontal activity (Drummond et al. 1999 ; Mu et al. 2005 ; Chee et al. 2008) and metabolism (Wu et al. 1991 (Wu et al. , 2006 Thomas et al. 2000 Thomas et al. , 2003 following sleep deprivation, although depending on task characteristics (i.e. task difficulty), prefrontal cortical activity sometimes shows compensatory increases in activity (Chee & Choo, 2004 ; Drummond et al. 2000 Drummond et al. , 2005 . Yoo et al. (2007) reported that after one night of sleep deprivation, young adults exhibited heightened amygdala activation to negative emotional images, and reduced connectivity between the amygdala and the medial prefrontal cortex (mPFC). Others reported that increased distraction by emotional stimuli after sleep deprivation was accompanied by heightened amygdala activation and decreased functional coupling between the amygdala and prefrontal cognitive control regions (Chuah et al. 2010) . In parallel, we have demonstrated heightened emotional reactivity in sleepdeprived adults and adolescents (Franzen et al. 2009 (Franzen et al. , 2010 , as indicated by greater pupil dilation responses to negative emotional stimuli. Taken together, these findings suggest that sleep deprivation may confer vulnerability to more emotionally driven behavior through a combination of reduced prefrontal and increased amygdala activation.
In humans, the processing of reward is mediated by a complex network of subcortical and prefrontal structures, including the ventral striatum (VS), ventral pallidum, midbrain, orbital frontal and anterior cingulate cortices (Berridge & Kringelbach, 2008 ; Haber & Knutson, 2010) . The VS in particular has been shown to activate robustly when individuals anticipate receiving money (Knutson et al. 2001 ; Ernst et al. 2004 ; Liu et al. 2007 ; Rademacher et al. 2010) , pleasant taste (O'Doherty et al. 2002 ; O'Doherty, 2004) , or even social rewards such as praise (Kirsch et al. 2003) and happy faces (Spreckelmeyer et al. 2009 ; Rademacher et al. 2010) . The mPFC receives input from the VS and the insula, and is thought to help individuals anticipate and weigh benefits and losses associated with behavioral choices (Haber & Knutson, 2010) . Although co-activation of the VS and mPFC often occurs during reward processing, this is not always the case. For example, in adolescents and adults with depression, a pattern of low VS and high mPFC activation is typically produced in response to reward (Forbes & Dahl, 2012) .
Reward-related activity in the striatum may also be influenced by sleep loss. Using a gambling task, Venkatraman et al. (2007) reported abnormally increased VS activity in sleep-deprived young adults during high-risk decision making, and during the winning of money (Venkatraman et al. 2011) . Another recent paper indicated that sleep-deprived young adults exhibited a bias toward more positive evaluations of emotional images, with concomitant abnormally elevated activity in the amygdala and striatum (i.e. putamen) (Gujar et al. 2011) . Together, these early studies suggest that sleep deprivation may create a neural sensitivity to a spectrum of rewarding stimuli.
Connections between sleep loss and reward functioning are particularly pertinent in adolescents and young adults, given their heightened vulnerability to the effects of sleep deprivation (Philip et al. 2004 ) and increased risk for both mood disorders and substance abuse problems (Kessler et al. 2005) . These disorders are frequently characterized by the co-occurrence of sleep disturbance and altered reward functioning (APA, 2000) .
In this study we used functional magnetic resonance imaging (fMRI) and a well-validated monetary reward card-guessing paradigm (Forbes et al. 2009 ) to examine the impact of acute sleep deprivation upon activity in reward neural circuitry in healthy late adolescents/young adults. We also examined whether variation in recent sleep history had measurable associations with reward responding when participants were tested following normal sleep and sleepdeprived conditions. Based on research linking sleep loss with elevated striatal reactivity to rewarding stimuli (Venkatraman et al. 2007 (Venkatraman et al. , 2011 Gujar et al. 2011) , we hypothesized that sleep deprivation would result in increased VS activity to reward. Based on literature suggesting that sleep deprivation causes diminished prefrontal activity (Drummond et al. 1999 ; Mu et al. 2005 ; Chee et al. 2008) , we expected to see less mPFC activation to reward relative to performance under normal sleep conditions. In addition, we hypothesized that reduced sleep duration on the five nights prior to each testing condition would be associated with increased VS and less relative mPFC activity to reward.
Method

Participants
Participants included 27 right-handed, healthy adults (16 women, 11 men) aged 18-25 years (mean 23.1 years, S.D.=1.6). Participants were free of current or past sleep, psychiatric or major medical disorders as determined using the Structured Clinical Interview for DSM-IV (SCID ; First et al. 1995) , a locally developed Structured Interview for DSM-IV Sleep Disorders, and a medical history questionnaire. Additional exclusion criteria included : a positive pregnancy test ; a bedtime that regularly fell outside the hours of 22:00 to 01:00 h, and a wake-up time that regularly fell outside the hours of 06:00 to 09:00 h, as determined by self-report ; use of more than two caffeinated or alcoholic beverages per day and inability to abstain from caffeine and alcohol for 1 day prior to and during participation in both experimental conditions ; regular use of tobacco ; colorblindness ; or have metallic foreign objects within the body. The study was approved by the Institutional Review Board at the University of Pittsburgh, and all individuals provided written informed consent before participation.
Procedures
Using a within-subjects crossover design, participants completed two experimental conditions, sleep deprivation and normal sleep, in counterbalanced order. Conditions were separated by at least 1 week to allow sufficient recovery sleep for those participants who completed the sleep deprivation condition first. Preceding each experimental night, participants completed a laboratory adaptation night with polysomnography (PSG), during which they slept according to their reported habitual sleep/wake times. On the first adaptation night, additional sensors were attached to assess periodic limb movements and sleep-disordered breathing ; 10 or more events per hour of sleep were exclusionary. The following evening, participants returned to the laboratory. In the normal sleep condition, participants retired to bed at their habitual bedtime. In the sleep deprivation condition, participants were not allowed to sleep, and were under constant behavioral and PSG monitoring to ensure continued wakefulness. Participants underwent fMRI testing the following morning, 1.5-3 h after their habitual wake time. This resulted in a total sleep deprivation of between 25.5 and 27 h.
The sleeping habits of participants were monitored for 1 week prior to both experimental sleep conditions using sleep diaries and Actiwatch-64 actigraphs (Mini Mitter Co. Inc., 2001) worn on the participant's non-dominant wrist. Twenty-three out of 27 participants supplied actigraphy before the normal sleep condition, and 21 supplied data before the sleep deprivation condition. The remaining participants were not included in actigraphy analyses because they provided incomplete data (<5 nights). Actigraphy provides an objective estimate of the sleep/wake cycles through gross motor movement, and has been shown to correlate well (80-90 % agreement) with PSG in the determination of sleep and wakefulness (Morgenthaler et al. 2007) . Activity data were summed into 60-s epochs and analyzed using the Actiware 5.59 software package (Respironics Inc., 2011) . This software classifies epochs as sleep or wake using a validated algorithm and calculates a variety of sleep-related variables, including minutes of total sleep time.
Monetary reward task
To probe patterns of neural activity in response to monetary reward, we used a card-guessing fMRI paradigm developed by Forbes et al. (2009) and based on the work of Delgado et al. (2000) . The block design paradigm consisted of pseudo-random presentation of trials wherein participants played a card-guessing game and received either positive or negative (i.e. win or loss) feedback for each trial. All participants were told that their performance on the game would determine the monetary reward received at the end of the study, earning US$1 for each correct guess and losing US$0.50 for each incorrect guess. Participants were unaware of the fixed outcome probabilities associated with each block until the entire study protocol was completed, at which time they were debriefed and compensated US$10 for completion of each reward task. During each trial, participants were given 3 s to guess, using button press, whether the value of a visually presented card would be higher or lower than 5 (index and middle fingers respectively). After a choice was made, the numerical value of the card was presented for 500 ms and followed by appropriate feedback, with a green, upward arrow indicating a correct guess (win US$1), and a red, downward arrow indicating an incorrect guess (loss of US$0.50), for an additional 500 ms. Upon receiving positive feedback, participants were required to respond using button press to collect the money for that trial (to simulate an acquisition behavior). A cross-hair was then presented for 3 s, for a total trial length of 7 s. Each block consisted of five trials, with three ' reward ' blocks featuring predominantly positive feedback (80 % correct guesses) and three loss blocks with predominantly negative feedback (80 % incorrect guesses), interleaved with three control blocks. During sensorimotor control blocks, participants were instructed to simply make alternating button presses during the presentation of an ' x ' (3 s), which was followed by an asterisk (500 ms) and a yellow circle (500 ms), and then a crosshair (3 s). Each block was preceded by a 2-s instruction of ' Guess Number ' (for positive or negative feedback blocks) or ' Press Button ' (for control blocks), resulting in a total block length of 37 s and a total task length of 5 min and 15 s.
MRI data acquisition
Neuroimaging data were collected using a 3.0-T Siemens Trio MRI scanner at the University of Pittsburgh Magnetic Resonance Research Center. Visual stimuli were presented by projecting images onto a rear projection screen at the subject's chest and viewed through a mirror attached to the head coil. Stimulus presentation and registration of responses was controlled by a computer running E-prime (Psychology Software Tools, USA). Participants' buttonpress responses and reaction times were recorded using a radiofrequency (RF)-shielded response box and cable connected to the computer. Structural T1-weighted volumetric scans were obtained during the first scanning session using a magnetization prepared rapid gradient echo (MP-RAGE) sequence : 192 1.0-mm axial slices, flip angle=9x, field of view (FOV)=256r 192 mm, repetition time (TR)=2200 ms, echo time (TE)=3.29 ms, matrix=256r192. Blood oxygen leveldependent (BOLD) images were acquired with a gradient echo echo-planar imaging (EPI) sequence with 39 3-mm axial slices, flip angle=90x, FOV=205, TR=2000 ms, TE=25 ms, matrix=64r64.
fMRI data analysis
Data were preprocessed and analyzed using Statistical Parametric Mapping software (SPM8 ; www.fil.ion. ucl.ac.uk/spm). Data were realigned and unwarped, spatially normalized into a standard stereotactic space (Montreal Neurological Institute, MNI ; www.bic.mni. mcgill.ca), resampled to 2 mm 3 voxels, and smoothed using a 6-mm full-width at half-maximum (FWHM) Gaussian kernel. We used a two-level random-effects general linear model to analyze fMRI data. At the first level, individual whole-brain statistical maps were constructed to evaluate the difference between the two feedback conditions (reward and loss) and the control condition, and also between the reward and loss conditions. Single-subject data were modeled using a box-car function convolved with the canonical hemodynamic response function (HRF). Movement parameters from the realignment stage were included as covariates of no interest. These contrasts were then brought forward to second level, paired-sample t test analyses. Our primary focus was on the rewardcontrol and loss-control contrasts within each region of interest (ROI) (tested for sleep deprived >normal sleep and normal sleep >sleep deprived). We then examined the reward-loss contrast to disambiguate whether our primary findings were unique to rewarding outcomes, and not simply just a product of receiving positive or negative outcome feedback. As in Forbes et al. (2010) , we used an ROI approach focused on the striatum and mPFC. For our ventral striatal ROI, the WFU PickAtlas (Wake Forest University, USA) was used to construct 8-mm-radius bilateral spheres centered at MNI coordinates x=9, y=9, z=x8 and x=x9, y=9, z=x8, based on metaanalysis of basal ganglia functional connectivity (Postuma & Dagher, 2006 ; Di Martino et al. 2008) . For the mPFC ROI, we constructed a 25-mm sphere centered on coordinates x=0, y=44, z=18 capturing anterior portions of the cingulate gyrus, and medial segments of Brodmann area (BA) 9 and BA 10, as in Forbes et al. (2010) . We also conducted exploratory whole-brain paired-sample t tests comparing rewardcontrol and loss-control contrasts across sleep conditions. Finally, we used regression analyses to examine relationships between activity on the reward-control contrast in the striatal and mPFC ROIs and mean total sleep time derived from actigraphy in the 5 days prior to each fMRI scan. Order of sleep deprivation condition was controlled for in all second-level analyses.
We used a voxel-wise threshold of p<0.05 for all analyses. To correct for multiple voxel-wise comparisons within each ROI, we computed cluster-wise extent thresholds using the AlphaSim program (http:// afni.nimh.nih.gov/pub/dist/doc/manual/AlphaSim. pdf) with 1000 Monte Carlo simulations, a validated technique for ROI analyses (Ward, 2000) . These simulations indicated that cluster sizes of 53 voxels in the VS and 148 voxels in the mPFC (at p=0.05) would result in an overall family-wise error rate of 0.05. Because the exploratory whole-brain analyses were not part of a priori hypotheses, these were given a more liberal threshold (voxel-wise p<0.005 with an extent threshold of 20 voxels).
Results
Actigraphy data
Participants slept a mean of 402.3 min (S.D.=56.2) per night over the 5 nights prior to the rested experimental condition, and 413.0 min (S.D.=43.8) per night prior to the sleep deprivation condition. The mean total sleep times prior to the two experimental conditions did not significantly differ (t 18 =x1.49, p=0.13).
fMRI data
Participants exhibited significantly greater VS activity during reward blocks under sleep-deprived than under normal sleep conditions (Fig. 1 a) . This increase in activity to reward during sleep deprivation was also present when the loss blocks were used as the contrast (Fig. 1 b) , suggesting that sleep deprivation selectively increases VS sensitivity to rewarding outcomes. In contrast to our hypothesis, sleep-deprived participants did not show significantly decreased activity in the mPFC to winning rewards. In the normal sleep condition, participants exhibited significantly more mPFC activity to the control blocks than to the reward blocks (i.e. the mPFC was relatively deactivated during the reward blocks), which was significantly reduced following sleep deprivation (i.e. more equivalence in mPFC activation across the control and reward blocks) (Fig. 2a) . This difference in the rewardcontrol contrast within the mPFC across sleep conditions was not detected in the reward-loss contrast, suggesting that a failure to deactivate the mPFC to the reward or loss blocks may be a general effect of sleep deprivation, rather than an effect specific to winning rewards. For the loss-control contrast, no significant differences were detected between the normal sleep and sleep deprivation conditions in the VS or mPFC.
Actigraphically-derived total sleep time during the 5 days preceding the sleep deprivation condition was negatively associated with the magnitude of rewardrelated activity in a subregion of the mPFC, the rostral anterior cingulate cortex (ACC) (Fig. 2b) . Thus, less sleep prior to the sleep-deprived session was associated with greater ACC activation during reward-control. This effect was not observed with respect to the normal sleep condition. We did not find relationships between prior sleep history and reward-related activation in the VS under either experimental sleep condition.
Our exploratory whole-brain analyses revealed two subcortical regions that showed greater activation to reward-control following sleep deprivation relative to the normal sleep condition : the left ventral pallidum and the right parahippocampal gyrus ( Table 1 ). Regions that were more activated to loss-control following sleep deprivation relative to the normal sleep condition included the right lingual gyrus, right anterior cingulate gyrus and cerebellum. Conversely, regions that were more activated to reward-control following the normal sleep relative to the sleep deprivation condition included the right inferior parietal lobe, bilateral superior parietal lobe and right middle frontal gyrus. In the loss-control contrast, participants showed greater activity during the normal sleep Significantly greater activity to win-loss following sleep deprivation compared to the normal sleep condition in the left VS (t 25 =2.66, p=0.007, k=62 ; peak voxel : x=x12, y=16, z=x4 in MNI space). The bar graph represents mean BOLD signal change in each sleep condition during reward blocks relative to loss blocks across all voxels within the cluster ; the error bars represent standard error of the mean. Within-group differences to reward across sleep conditions were significant using a voxel-wise threshold of p<0.05 corrected for family-wise error using AlphaSim Monte Carlo simulation.
relative to the sleep-deprived condition in the right fusiform gyrus and left inferior parietal lobe.
Discussion
Our findings demonstrate important relationships between sleep and activity in reward neural circuitry during the winning of reward. Following one night of sleep deprivation, participants showed significantly elevated VS activity to winning small monetary rewards. This result is consistent with other recent neuroimaging studies that have examined the effects of sleep deprivation on reward-related functioning. Two studies by Venkatraman et al. (2007 Venkatraman et al. ( , 2011 ) used a more complex event-related gambling task that involved weighing monetary risks and probabilities, whereas the task we used assessed activity during blocks where a fixed sum of money was won or lost. . The bar graph represents mean blood oxygen level-dependent (BOLD) signal change in each sleep condition during reward and loss blocks relative to control blocks across all voxels within the cluster ; the error bars represent standard error of the mean. The loss bars are included for illustrative purposes, and are not significantly different between sleep conditions. Within-group differences to reward across sleep conditions were significant using a voxel-wise threshold of p<0.05 corrected for family-wise error using AlphaSim Monte Carlo simulation. (b) Cluster within the mPFC region of interest (ROI) mask showing a significant negative relationship with recent sleep history [i.e. actigraphy-derived mean total sleep time in 5 nights prior to the experimental night in the laboratory preceding the functional magnetic resonance imaging (fMRI) scan] during reward trials under the sleep-deprived condition [bilateral rostral anterior cingulate cortex (ACC) : t 21 =4.06, p<0.001, k=1436 ; peak voxel : x=18, y=44, z=20 in MNI space]. The scatterplot represents mean total sleep time before the sleep deprivation condition plotted against mean BOLD signal change during reward relative to control blocks across all voxels in the highlighted cluster within the mPFC. Regression analyses were significant using a voxel-wise threshold of p<0.05 corrected for family-wise error using AlphaSim Monte Carlo simulation.
Despite their differences in design, both studies identified increased sensitivity to reward in the VS following a night of sleep deprivation. A third study also found greater striatal activity following sleep deprivation (Gujar et al. 2011) , although in that case the rewarding stimuli were positive emotional images. This small collection of findings is of particular interest in light of work demonstrating hyperstimulation of striatal D2 dopamine receptors following sleep deprivation ). Reward is a key determinant of goal-directed behavior and incentive-based learning ; aberrant functioning in reward neural circuitry, resulting in overvaluation of positively reinforcing stimuli, could lead to impaired decision making and abnormally increased pursuit of reinforcers. Contrary to our hypothesis, we found evidence of increased activation in the mPFC to control blocks relative to reward blocks following normal sleep, a pattern that was significantly attenuated following sleep deprivation. In addition to its role in rewardrelated decision making, the mPFC, in concert with the posterior cingulate gyrus, precuneus and inferior parietal cortex, constitutes the default-mode network (Raichle et al. 2001 ). This network is consistently found to be deactivated during performance of cognitive tasks, but active during mind wandering (Mason et al. 2007 ) and self-reflective thought (Uddin et al. 2007) .
In our task, it is perhaps not surprising that participants would show greater activation in the mPFC during an uninteresting control block relative to a block in which reward-related decisions are made and outcomes are processed. Fairly equivalent activation of this region following sleep deprivation may represent a failure to properly deactivate the default network during active cognitive portions of the task. Of note, a recent paper indicated that the defaultmode network is abnormally active following sleep deprivation (Gujar et al. 2010) . Increased activity of this network during active decision making may produce increased mind wandering or thoughts about self, and ultimately interfere with the ability to regulate pursuit of rewards.
We also found an association between decreased total sleep time before the sleep deprivation condition and activation of mPFC to reward, suggesting that chronically reduced sleep duration may produce increased activation of the default-mode network during reward-related decision making and reward processing. We did not, however, find relationships between VS activity and recent sleep history. Thus, although both acute sleep deprivation and recent sleep history may be associated with increased default-mode network activity during reward-related processing, only acute sleep deprivation was found to be associated with elevation of VS activity to winning reward. The specific dose of sleep loss necessary to elevate VS activity will require further study. Whole-brain analyses revealed elevated activity in the ventral pallidum and parahippocampal gyrus to reward-control after sleep deprivation relative to normal sleep. Both regions are implicated in the striatal-cortical reward circuit (Haber & Knutson, 2010) , and thus parallel our ROI findings of increased sensitivity of reward neural circuitry following sleep deprivation. Regions subserving attentional control were more activated after normal sleep than after sleep deprivation. This is consistent with previous studies indicating reduced activity ) and metabolism (Thomas et al. 2000) in attentional control circuitry following sleep deprivation. Together with our a priori ROI analyses, these findings support a role for sleep deprivation in disturbing the balance between subcortical reward circuitry and cortical attentional control circuitry in healthy young adults.
Although this study featured only healthy late adolescents and young adults, our findings provide one possible neural framework for considering how combinations of chronic and acute sleep loss might lead to chronic alterations in reward neural circuitry, contributing to the development of clinical conditions in which sleep and reward disturbances co-occur. Bipolar disorder provides a vivid example of this type of clinical condition. In this disorder, increasing sleep disturbance often signals, or potentially precipitates, a progression into mania (Jackson et al. 2003) , a mood state frequently characterized by both reduced sleep and increased pursuit of reward (e.g. risky sexual behaviors, substance use, reckless use of money) (Goodwin & Jamison, 2007) . Of note, structural and functional abnormalities have been identified in reward-related neural circuitry in those with bipolar disorder (Phillips et al. 2008) . Thus, in such individuals, sleep loss may tax neural circuits that are already compromised, leading to a spiral of severely dysregulated emotional and reward functioning. Similarly, in other conditions characterized by unhealthy reward pursuit, including compulsive gambling, binge eating and substance dependence, sleep loss may further disrupt malfunctioning reward neural circuitry.
Limitations
There are several limitations of this study. We examined the effects of only a single acute dose of sleep deprivation on reward-related neural activity. For many young adults, sleep loss typically occurs in a more moderate, chronic form, and it is not known whether chronic sleep restriction would incur the same VS increases to reward that we detected with our acute deprivation model. We did, however, find that naturalistically incurred short sleep duration prior to the sleep deprivation condition was associated with relatively increased medial prefrontal default-mode network activity during reward. This suggests that chronic short sleep, and not just total sleep deprivation, has a significant influence on how the brain processes reward. Another potential limitation of this study is the use of a block design task that did not allow for separate analysis of anticipatory and acquisition phases of reward, a distinction that may be important for the underlying neural circuitry involved (Rademacher et al. 2010) . Nonetheless, abnormally elevated VS activity following sleep deprivation has previously been documented during both the anticipation (Venkatraman et al. 2007 ) and outcome (Venkatraman et al. 2011 ) portions of a gambling task. Lastly, although we believe that our finding of reduced deactivation of mPFC following sleep deprivation suggests an intrusion of the default-mode network into the decision-making portion of our task, it is difficult to assess this clearly with the current design. Future studies of reward and sleep deprivation might consider including a non-reward-related, pure cognitive trial type in their tasks ; this would allow for examination of default-mode activation during a task condition in which such structures should be relatively dormant.
Conclusions
In conclusion, this study found that, compared to a night of sleep, acute sleep deprivation in late adolescents and young adults led to increased activity in the VS and relatively increased activation of the mPFC during the winning of monetary reward. In addition, reduced sleep during the 5 nights prior to the sleep deprivation condition was associated with increased activation in the mPFC, especially in the ACC, during reward-control. These findings support the idea that acute sleep loss may result in increased sensitivity to rewarding stimuli in the VS, whereas both acute sleep loss and chronically short sleep may hamper a person's ability to disengage the default-mode network. Together, these factors may provide a neural basis for heightened reward pursuit and risky decision making. We studied a narrow age range of late adolescents/ young adults in this study, and therefore comparisons to other younger or older individuals are warranted. Adolescents may be at particular risk for problems in reward-related function and behavior as a consequence of sleep loss. Adolescence is marked by both high levels of chronic sleep deprivation (Millman, 2005) and hypersensitivity to rewards (Ernst et al. 2005) , the latter thought to be mediated by an imbalance in the development of the striatum and prefrontal cortex (Van Leijenhorst et al. 2010) . It is possible that acute sleep loss in this group would have particularly salient effects on reward circuitry. It will also be important for future studies to investigate whether altered activity in reward neural circuitry following sleep deprivation is associated with both laboratory and real-life measures of abnormal risk taking and reward pursuit.
